Immune-mediated lung injury is a hallmark of lower respiratory tract illness caused by respiratory syncytial virus (RSV). STAT4 plays a critical role in CD4 ؉ Th1 lineage differentiation and gamma interferon (IFN-␥) protein expression by CD4 ؉ T cells. As CD4 ؉ Th1 differentiation is associated with negative regulation of CD4 ؉ Th2 and Th17 differentiation, we hypothesized that RSV infection of STAT4 ؊/؊ mice would result in enhanced lung Th2 and Th17 inflammation and impaired lung Th1 inflammation compared to wild-type (WT) mice. We performed primary and secondary RSV challenges in WT and STAT4 ؊/؊ mice and used STAT1 ؊/؊ mice as a positive control for the development of RSV-specific lung Th2 and Th17 inflammation during primary challenge. Primary RSV challenge of STAT4 ؊/؊ mice resulted in decreased T-bet and IFN-␥ expression levels in CD4 ؉ T cells compared to those of WT mice. Lung Th2 and Th17 inflammation did not develop in primary RSV-challenged STAT4 ؊/؊ mice. Decreased IFN-␥ expression by NK cells, CD4 ؉ T cells, and CD8 ؉ T cells was associated with attenuated weight loss and enhanced viral clearance with primary challenge in STAT4 ؊/؊ mice compared to WT mice. Following secondary challenge, WT and STAT4 ؊/؊ mice also did not develop lung Th2 or Th17 inflammation. In contrast to primary challenge, secondary RSV challenge of STAT4 ؊/؊ mice resulted in enhanced weight loss, an increased lung IFN-␥ expression level, and an increased lung RSV-specific CD8 ؉ T cell response compared to those of WT mice. These data demonstrate that STAT4 regulates the RSV-specific CD8 ؉ T cell response to secondary infection but does not independently regulate lung Th2 or Th17 immune responses to RSV challenge.
R espiratory syncytial virus (RSV) is a major cause of bronchiolitis and viral pneumonia in children, resulting in significant morbidity and mortality worldwide (1, 2) . Despite the importance of this pathogen, there is no licensed RSV vaccine and, apart from passive immunoprophylaxis or the highly toxic antiviral ribavirin, no therapy for RSV-induced illness (3, 4) . Immune-mediated lung injury is a hallmark of lower respiratory tract illness in the mouse model of RSV infection and may contribute to illness severity in human infections (5) (6) (7) . Several cell types contribute to the lung immune response to RSV in mice. Gamma interferon (IFN-␥)-expressing NK cells and CD4 ϩ and CD8 ϩ T cells contribute to the clearance of RSV from the lung (8) (9) (10) (11) (12) . However, in the course of viral clearance, this immune response causes significant immunopathology and lung damage (9) (10) (11) . Depending on the virus strain and host immune context of challenge, lung immunopathology can be mediated by IFN-␥-expressing NK cells, CD4 ϩ Th1 cells, and CD8 ϩ T cells that enhance viral clearance or by aberrant CD4 ϩ T cell immune responses, including interleukin-13 (IL-13)-predominant Th2 and/or IL-17A-predominant Th17 immune responses (8, (13) (14) (15) .
STAT4 plays a critical role in the differentiation of naive CD4 ϩ T cells into Th1 cells (16) (17) (18) (19) (20) . IL-12 receptor engagement is the predominant cytokine signal that results in STAT4 phosphorylation, homodimerization, and translocation to the nucleus (16) . STAT4 and T-bet, acting downstream of IL-12 and IFN-␥, induce Th1 differentiation and IFN-␥ expression by CD4 ϩ T cells (17) (18) (19) (20) (21) (22) (23) . In the absence of STAT4, CD4 ϩ Th1 differentiation and IFN-␥ expression are impaired (16, 17, 19, 20) , but complete differentiation of the CD4 ϩ Th1 phenotype appears to require both STAT4 and T-bet (18, 21, 24, 25) . In addition to its role in CD4 ϩ Th1 differentiation, STAT4 is also critical for NK cell and CD8 ϩ T cell effector functions (23, (26) (27) (28) (29) (30) (31) . In NK cells and CD8 ϩ T cells, STAT4 acts downstream of IL-12 as well as type I interferons to induce cell proliferation, IFN-␥ expression, and/or cytotoxicity.
In the course of CD4 ϩ Th1 differentiation, both STAT4 and STAT1 are capable of inducing the expression of T-bet (20-22, 24, 25, 32, 33) . The order and relative contribution of STAT4 and STAT1 to T-bet expression and Th1 cell differentiation have been a matter of considerable debate (20) (21) (22) . Negative regulation of Th2 and Th17 differentiation pathways in Th1 cells appears to be primarily under the control of T-bet (25, (34) (35) (36) (37) (38) . We previously reported that STAT1 Ϫ/Ϫ mice challenged with RSV A2 have significantly increased IL-13 and IL-17A protein expression levels and airway mucus expression in their lungs compared to wildtype (WT) BALB/c mice (8, 13) . This immune response is also characterized by eosinophilic and neutrophilic infiltration into the lung, in contrast to the predominantly lymphocytic inflammation in the lungs of RSV-challenged WT BALB/c mice. Thus, STAT1 signaling is required to inhibit Th2 (airway eosinophils; lung IL-13 expression) and Th17 (airway neutrophils; lung IL-17A expression) lung immune responses in the RSV primary challenge model.
In the present study, we sought to determine the role of STAT4 signaling in the inhibition of Th2 and Th17 and the promotion of Th1 immune responses to RSV challenge. As both STAT4 and STAT1 increase T-bet expression levels in the course of Th1 differentiation, and T-bet negatively regulates Th2 and Th17 immune responses, we hypothesized that primary RSV challenge of STAT4 Ϫ/Ϫ mice results in enhanced lung Th2 and Th17 immune responses, similar to what we previously reported for STAT1 Ϫ/Ϫ mice (13) . We also hypothesized that primary RSV challenge of STAT4 Ϫ/Ϫ mice results in significantly impaired IFN-␥ expression by NK cells, CD4 ϩ T cells, and CD8 ϩ T cells and that this attenuates both postchallenge weight loss and viral clearance. While previous work showed that STAT4-deficient C57BL/6 mice develop increased airway mucus expression, airway hyperreactivity, and airway eosinophilia following RSV strain Line 19 challenge (39) , that study did not measure lung Th2 or Th17 cytokine expression levels in STAT4 Ϫ/Ϫ mice and used RSV strain Line 19, which was subsequently shown to induce significant airway mucus expression in WT BALB/c mice (14, 39, 40) . Moreover, several studies using BALB/c mice in non-RSV models have shown that STAT4 deficiency does not promote lung Th2 immune responses (41) (42) (43) (44) . Thus, we undertook this study to address these discrepancies and to investigate the role of STAT4 Ϫ/Ϫ in regulating the lung immune response to RSV A2 in BALB/c mice.
To investigate the first hypothesis, that STAT4 Ϫ/Ϫ mice develop RSV-induced lung Th2 and Th17 immune responses, we challenged WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice with RSV A2 and measured airway inflammatory cell recruitment, lung cytokine expression, and CD4 ϩ T cell expression of T-bet, GATA-3, and ROR-␥t. To investigate the second hypothesis, that RSV-induced IFN-␥ expression, illness, and viral clearance are impaired in STAT4 Ϫ/Ϫ mice, we determined cell-specific IFN-␥ expression, postchallenge weight loss, and viral clearance in WT and STAT4 Ϫ/Ϫ mice. Previous work using mouse models showed that secondary RSV challenge resulted in Th2-skewed lung immune responses. We therefore performed experiments to determine the lung immune response to secondary RSV challenge in WT and STAT4 Ϫ/Ϫ mice. Investigation of RSV challenge in the context of an altered host immune response is critical to an understanding of the balance between successful and pathological immune responses to RSV.
MATERIALS AND METHODS

Cells, virus, and mice.
HEp-2 cells were obtained from the ATCC. The A2 and Line 19 strains of RSV were propagated as previously described (14) . Female, 6-to 8-week-old, BALB/cJ mice were purchased from Jackson Laboratories (Bar Harbor, ME). STAT4 Ϫ/Ϫ mice (BALB/cJ background) were purchased from Jackson Laboratories. STAT1 Ϫ/Ϫ mice were kindly provided by Joan Durbin (New York University School of Medicine). Age-matched female WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice were used for experiments. All mice were maintained under specific-pathogen-free conditions. In caring for the animals, investigators adhered to protocols outlined in the revised Guide for the Care and Use of Laboratory Animals (45) .
RSV challenge. Mice were anesthetized by intramuscular injection of a ketamine-xylazine solution and challenged intranasally with 10 7 PFU of RSV A2 in 100 l Dulbecco modified Eagle medium (DMEM). In selected experiments, mice were challenged intranasally with 10 7 PFU of UV-inactivated RSV A2 (UVRSV). For experiments utilizing RSV Line 19, mice were challenged with UV-inactivated or live RSV A2 or RSV Line 19 at a titer of 10 5 PFU. Virus was UV inactivated by exposing the viral suspension in a glass vial on ice to a UV light source (UVC30, 254 nm, two 15-W bulbs, 120 V; Kendro Lab Products, Asheville, NC) for 40 min. The day of primary challenge was denoted day 0 for all experiments. In selected experiments, mice were challenged intranasally a second time with 10 7 PFU of RSV A2. Secondary challenge was performed on day 42 post-primary challenge. Post-secondary challenge days were denoted days 43, 44, 45, and 46 and correspond to days 1, 2, 3, and 4 following repeat challenge, respectively.
Quantitation of lung viral load. The lung viral load from the left lungs of mice challenged with RSV was quantified by a plaque assay, as previously described (46) . Briefly, left lungs were harvested and individually ground with precooled mortars and pestles in sterile ground glass. Lung homogenates were diluted immediately in a serial fashion and were used to inoculate subconfluent HEp-2 cells in 12-well dishes. Cells were overlaid with DMEM containing 10% fetal bovine serum (FBS) and 0.75% methylcellulose. At day 5 postinoculation, cells were formalin fixed and stained with hematoxylin and eosin (H&E). Plaques were quantified visually and normalized to lung weight for each individual mouse.
Analysis of inflammatory cell infiltration into bronchoalveolar lavage fluid. To obtain bronchoalveolar lavage (BAL) fluid, saline was instilled through a tracheostomy tube and withdrawn via a syringe. Total cells were counted on a hemocytometer by using trypan blue exclusion. Cytologic examination was performed on cytospin preparations (Thermo Shandon), and cytospin slides were fixed and stained by using DiffQuik (American Scientific Products). Differential counts were based on counts of 200 cells, using standard morphological criteria to classify the cells as neutrophils, eosinophils, lymphocytes, or macrophages.
Cytokine ELISA. Cytokine protein expression from the left lung homogenate was measured by using available DuoSet (IFN-␥), Quantikine (IL-13, IL-17A, and IL-27), or Verikine (IFN-␣ and IFN-␤) enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN).
Serum RSV F-protein-specific antibody ELISA. Sera collected at day 42 post-primary challenge were tested for the presence of RSV F-proteinspecific antibodies (Abs) by an ELISA. Briefly, ectodomain F protein from RSV A2 was fused to a GCN4 trimerization domain and a His tag and expressed in mammalian cells, as previously described (47) . One hundred fifty nanograms of soluble RSV F protein was adsorbed onto Immulon 2B (Thermo Scientific, Rochester, NY) plates overnight in phosphate-buffered saline (PBS) at 4°C. The plate was blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature and washed with 0.05% Tween 20 in PBS. Seventy-five microliters of serial 2-fold dilutions of serum was added to the plate in duplicate and incubated for 1 h at room temperature. The plates were washed; horseradish peroxidase (HRP)conjugated goat anti-mouse IgG (1:5,000), IgG1 (1:500), or IgG2a (1:500) was added; and plates were incubated at room temperature for another hour (Southern Biotech, Birmingham, AL). Following an additional wash, 75 l of Ultra-TMB (Pierce, Rockford, IL) was added to each well.
The reaction was stopped by adding 100 l of 1 M HCl to the mixture. Absorbance was measured at 450 nm. The serum endpoint dilution at 0.2 absorbance units above background (PBS blank) was calculated for each antibody type.
Flow cytometry. Lungs were harvested, minced, and digested for 40 min at 37°C in RPMI 1640 containing 5% FBS, collagenase type I (1.25 mg/ml), and DNase (0.2 mg/ml). The digestion was stopped with 50 l of 0.5 M EDTA, and minced lung was passed through a 70-m strainer. For intracellular cytokine staining (ICS), cells were stimulated in a solution containing RPMI 1640, 10% FBS, 1 M ionomycin (Sigma-Aldrich, St. Louis, MO), 50 ng/ml phorbol myristate acetate (PMA) (Sigma-Aldrich), and 0.07% GolgiStop (BD Pharmingen, Franklin Lakes, NJ) for 6 h at 37°C in 5% CO 2 . In experiments to determine RSV-specific CD8 ϩ T cell IFN-␥ expression levels, cells were stimulated in a solution containing RPMI with FBS, GolgiStop, and 1 M synthetic peptide representing the H-2K d -restricted CD8 ϩ T cell epitope M2 [82] [83] [84] [85] [86] [87] [88] [89] [90] (SYIGSINNI) (Biosynthesis, Lewisville, TX). Cells were counted by using a hemocytometer, and the total number of cells from the lungs of each mouse was recorded. One million cells from the lungs of each mouse were stained for cell surface molecules and intracellular cytokines, as described previously (48) . Cell viability was determined by using a Live/Dead blue staining kit (Invitrogen, Life Technologies, Grand Island, NY). We used the following antibodies: anti-CD3ε (clone 145-2C11), anti-CD4 (clone H129.19), anti-CD8a (clone 53-6.7), anti-IFN-␥ (clone XMG1.2), anti-CD49b (DX5) (clone HM␣2), and anti-CD19 (clone 1D3) from BD Pharmingen and anti-NKG2D (clone CX5), anti-GATA-3 (clone TWAJ), anti-T-bet (clone 4B10), and anti-ROR-␥t (clone AFKJS-9) from eBioscience (San Diego, CA). IgG1 (clone P3.6.2.8.1), IgG2a (clone eBR2a), and IgG2b (clone eB149/10H5) were used as isotype controls for anti-T-bet, anti-ROR-␥t, and anti-GATA-3, respectively (eBioscience). Anti-CD16/32 Ab (BD Pharmingen) was used to prevent nonspecific staining. RSV-specific CD8 ϩ T cells were quantified by using an H-2K d -M2 82-90 tetramer purchased from Beckman-Coulter (Fullerton, CA). CD19 surface staining was performed to exclude B cells from tetramer flow, as previously described (49) . Nonspecific background tetramer staining was determined by using an H-2K d -HA 204 -212 influenza virus tetramer (Beckman-Coulter) (50, 51) . Cell samples were analyzed by using an LSR II flow cytometer (BD Biosciences). Data were analyzed by using FlowJo software (Tree Star, Ashland, OR).
Lung fixation and histological examination. Mice were sacrificed on day 8 postchallenge. Following perfusion of the right ventricle with PBS, the trachea was exposed and cannulated, and lungs were inflated with 10% neutral buffered formalin. Lungs were removed and fixed in 10% neutral buffered formalin for 24 h at 4°C prior to processing and embedding. Five-micrometer sections were cut and stained with H&E or periodic acid-Schiff (PAS) stain. Lungs were evaluated by light microscopy by an experienced veterinary pathologist (K.L.B.) blind to group assignment. A semiquantitative scoring system was used for four parameters: airway mucus, peribronchiolar inflammation, perivascular inflammation, and interstitial pneumonia. Inflammation and pneumonia were scored on a scale of 0 to 4, and airway mucus was scored on a scale of 0 to 3, with 0 denoting the absence of the parameter in the lung. Perivascular and peribronchiolar infiltrates in H&E sections were scored as follows: 1 for minimal infiltrates of leukocytes observed around airways or vessels, 2 for mild infiltration of leukocytes around airways or vessels, 3 for moderate infiltration of leukocytes around airways or vessels, and 4 for severe infiltration of leukocytes around airways or vessels. Interstitial pneumonia in H&E sections was scored as follows: 1 for few leukocytes observed in alveolar spaces with no inflammation in alveolar walls, 2 for few leukocytes in alveolar spaces with mild inflammation/thickening of alveolar walls; 3 for many leukocytes in alveolar spaces with moderate thickening of alveolar walls, and 4 for marked numbers of leukocytes in alveolar spaces with extensive inflammation/thickening of alveolar walls. Airway mucus in PAS sections was scored as follows: 1 for Ͻ10% PAS-positive cells, 2 for 10 to 30% PAS-positive cells, and 3 for Ͼ30% PAS-positive cells.
Statistical analyses. Experimental groups were compared by Student's t test or one-way analysis of variance (ANOVA) with Bonferroni posttest correction in order to calculate P values. Comparison between weight curves was performed by repeated-measures ANOVA. Statistical analyses were performed by using GraphPad Prism 5.01 (GraphPad, San Diego, CA). ELISA and viral titer data values below the limit of detection were assigned a value of half the limit of detection.
RESULTS
STAT4 deficiency does not result in RSV-induced Th2 or Th17
lung immune responses to primary challenge. WT BALB/c mice challenged with RSV A2 develop a lung CD4 ϩ T cell response to challenge that is characterized by IFN-␥ expression by CD4 ϩ Th1 cells, CD8 ϩ T cells, and NK cells (6) . However, we and others have shown previously that RSV-challenged STAT1 Ϫ/Ϫ mice developed airway eosinophilia, neutrophilia, and lung expression of IL-13 and IL-17A, which did not occur in WT BALB/c mice (8, 13) . IL-17A expression in STAT1 Ϫ/Ϫ mice occurred primarily in CD4 ϩ T cells (48) . These cellular and cytokine responses are characteristic of Th2 (airway eosinophilia; lung IL-13 expression) and Th17 (airway neutrophilia; lung IL-17A expression) immune responses. To test the hypothesis that STAT4 deficiency increases RSV-induced Th2 and Th17 lung immune responses, similar to those seen in STAT1 Ϫ/Ϫ mice, we challenged WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice with RSV (A2). As we have previously shown, WT mice developed airway cellularity that was predominantly lymphocytic with no detectable airway eosinophils and minimal airway neutrophils following RSV challenge ( Fig. 1A to E). STAT1 Ϫ/Ϫ mice had significantly increased total airway cell numbers compared to WT mice at days 4, 6, and 8 postchallenge (Fig.  1A) . The increased airway cellularity in STAT1 Ϫ/Ϫ mice was accounted for almost entirely by the significant increase in numbers of airway eosinophils and neutrophils compared to WT mice ( Fig.  1B and C). STAT4 Ϫ/Ϫ mice had an airway cellular response to RSV challenge that was predominantly lymphocytic ( Fig. 1A to E). RSV-challenged STAT4 Ϫ/Ϫ mice had no airway eosinophils and minimal airway neutrophils ( Fig. 1D and E).
To further characterize the lung immune response to RSV challenge, we next measured IL-13 and IL-17A protein levels in the lungs of WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice. As before, RSV-challenged STAT1 Ϫ/Ϫ mice had significantly increased lung protein expression levels of IL-13 and IL-17A compared to WT mice ( Fig. 2A and B) (13) . In contrast to STAT1 Ϫ/Ϫ mice and similar to WT mice, STAT4 Ϫ/Ϫ mice had no detectable IL-13 or IL-17A protein expression postchallenge. Despite marked airway eosinophilia in STAT1 Ϫ/Ϫ mice, we did not detect lung IL-5 protein expression in these mice at the chosen time points (data not shown). The lung protein expression level of CCL11 (eotaxin-1), however, was significantly increased in RSV-challenged STAT1 Ϫ/Ϫ mice on days 4, 6, and 8 postchallenge compared to WT and STAT4 Ϫ/Ϫ mice (Fig. 2C ).
STAT4 deficiency does not enhance RSV-induced airway mucus expression. As STAT1 Ϫ/Ϫ mice develop significant airway mucus expression following RSV A2 challenge (13), we next determined whether STAT4 Ϫ/Ϫ mice develop RSV-induced airway mucus expression. Given the lack of detectable IL-13 expression in lungs of RSV-challenged STAT4 Ϫ/Ϫ mice, we hypothesized that STAT4 Ϫ/Ϫ mice do not develop airway mucus following RSV challenge. Lung sections from WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice challenged with UV-inactivated or live RSV A2 were stained with PAS stain or H&E, and inflammation and airway mucus scores were determined. In these experiments, both UVRSV-and RSV-challenged WT mice developed modest airway mucus expression that was primarily limited to the upper airways ( Fig. 3 ). As we have shown previously (13) , RSV-challenged STAT1 Ϫ/Ϫ mice had significantly increased airway mucus expression, with mucus expression extending to the lower airways compared to WT mice ( Fig. 3 ). In contrast, RSV-challenged STAT4 Ϫ/Ϫ mice had no expression of airway mucus, with significantly decreased mucus expression compared to both RSV-challenged WT and STAT1 Ϫ/Ϫ mice.
Similar to the airway mucus expression results, RSV-challenged STAT1 Ϫ/Ϫ mice had significantly increased lung inflammation compared to WT and STAT4 Ϫ/Ϫ mice ( Fig. 3 ). In contrast, RSV-challenged STAT4 Ϫ/Ϫ mice had significantly decreased peribronchiolar and interstitial inflammation compared to RSV-challenged WT mice. Thus, STAT4 deficiency decreased RSV-induced lung inflammation but did not result in enhanced airway mucus expression.
Following primary RSV challenge, the frequency of T-betexpressing lung CD4 ؉ T cells in STAT4 ؊/؊ mice is intermediate compared to the frequency in both WT and STAT1 ؊/؊ mice. One explanation for the development of lung Th2 and Th17 immune responses following primary RSV challenge in STAT1 Ϫ/Ϫ but not STAT4 Ϫ/Ϫ mice might be the differential regulation of T-bet expression in CD4 ϩ T cells of these mice. T-bet is a transcription factor critical for the differentiation of CD4 ϩ Th1 cells in response to a variety of stimuli (32, 52) . T-bet expression in CD4 ϩ T cells is dependent on both STAT4 and STAT1 (20, 21) . Importantly, T-bet negatively regulates CD4 ϩ Th2 and Th17 differentiation through several mechanisms (25, 33, 36, 37) . We therefore hypothesized that RSV-induced CD4 ϩ T cell T-bet expression is impaired in STAT1 Ϫ/Ϫ and STAT4 Ϫ/Ϫ mice compared to WT mice and that the CD4 ϩ T cell T-bet expression impairment in STAT1 Ϫ/Ϫ mice is greater than that in STAT4 Ϫ/Ϫ mice. To test (B), and CCL11 (eotaxin-1) (C) from RSV-challenged mice (n ϭ 2 to 3 mice per group on day 0 and 4 to 6 mice per group for all other days). Limits of detection for IL-13, IL-17A, and CCL11 were 31.25 pg/ml, 43.75 pg/ml, and 15.6 pg/ml, respectively. Data are representative of two independent experiments. ‡, P Ͻ 0.001 versus WT and STAT4 Ϫ/Ϫ mice. this hypothesis, we determined the frequency and intensity of CD4 ϩ T-bet expression in WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice following primary challenge by flow cytometry. The frequency of T-bet-expressing CD4 ϩ T cells was significantly decreased in both STAT1 Ϫ/Ϫ and STAT4 Ϫ/Ϫ mice compared to WT mice ( Fig. 4A  and B ). In addition, the frequency of T-bet-expressing CD4 ϩ T cells in STAT1 Ϫ/Ϫ mice was significantly decreased compared to STAT4 Ϫ/Ϫ mice ( Fig. 4A and B ). Cell-specific expression of T-bet by CD4 ϩ T cells was not decreased in either STAT4 Ϫ/Ϫ or STAT1 Ϫ/Ϫ mice compared to WT mice when measured by geometric mean fluorescence intensity (gMFI) (Fig. 4B ).
ROR-␥t and GATA-3 are critical transcription factors for CD4 ϩ Th17 and Th2 differentiation, respectively (53, 54) . We next determined whether the differentially decreased frequency of expression of T-bet in STAT1 Ϫ/Ϫ and STAT4 Ϫ/Ϫ CD4 ϩ T cells was associated with differential frequency or intensity of CD4 ϩ T cell expression of ROR-␥t and GATA-3. STAT1 Ϫ/Ϫ CD4 ϩ T cells had significantly increased frequency and intensity of expression of ROR-␥t and GATA-3 compared to both WT and STAT4 Ϫ/Ϫ CD4 ϩ T cells ( Fig. 4A , C, and D). Expression of ROR-␥t and GATA-3 in STAT4 Ϫ/Ϫ CD4 ϩ T cells was not significantly different compared to that in WT CD4 ϩ T cells ( Fig. 4A , C, and D). Thus, STAT4 Ϫ/Ϫ CD4 ϩ T cells had an RSV-induced T-bet expression frequency that was intermediate compared to that seen in WT or STAT1 Ϫ/Ϫ CD4 ϩ T cells and was not associated with increased expression of ROR-␥t or GATA-3.
STAT4 deficiency does not result in enhanced lung Th2 or Th17 immune responses following primary challenge with RSV strain Line 19. As primary challenge of STAT4 Ϫ/Ϫ mice with RSV A2 did not result in lung Th2 immune responses or Th17 immune responses, we next determined the ability of STAT4 deficiency to enhance lung Th2 immune responses in response to RSV Line 19. It was possible that the induction of lung Th2 immune responses by STAT4 deficiency was RSV strain dependent. RSV Line 19 challenge of WT BALB/c mice is well described to result in lung IL-13 protein expression and airway mucus expression (14, 15, 46) . Although lung IL-13 protein expression following RSV Line 19 challenge is modest, airway mucus expression is robust and IL-13 dependent (14, 15) . Because of the baseline ability of RSV Line 19 to induce lung IL-13 protein expression in WT mice, we hypothesized that STAT4 Ϫ/Ϫ mice challenged with RSV Line 19 develop higher lung IL-13 expression levels than do WT mice. To test this hypothesis, we challenged WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice with UV-inactivated or live RSV A2 or RSV Line 19. STAT1 Ϫ/Ϫ mice were included in this experiment as a positive control for the development of Th2 and Th17 immune responses to RSV infection. A lower-inoculum titer of RSV A2 (1 ϫ 10 5 PFU/mouse) was used for this experiment, as this titer corresponded to the RSV Line 19 titer available to us. Mice were harvested on day 6 postchallenge, as this was the time of peak IL-13 protein expression in STAT1 Ϫ/Ϫ mice in our previous experiments.
Mice challenged with UV-inactivated RSV (either A2 or Line 19) developed minimal airway cellularity that consisted primarily of macrophages ( Fig. 5A and D) . As in our previous experiments ( Fig. 1 and 2) , WT mice challenged with RSV A2 developed mild airway lymphocytosis but no airway eosinophilia, airway neutrophilia, or lung IL-13 or IL-17A protein expression ( Fig. 5A to G). WT mice challenged with RSV Line 19 had greater airway lymphocytosis than did RSV A2-challenged mice but again did not have detectable airway eosinophils or airway neutrophils ( Fig. 5B , C, and E). RSV Line 19-challenged WT mice did have detectable lung IL-13 protein expression that was similar to what was previously described in the literature ( Fig. 5F) (15) . STAT1 Ϫ/Ϫ mice challenged with RSV Line 19 had significantly increased levels of airway eosinophils and lung IL-13 expression compared to RSV A2-challenged STAT1 Ϫ/Ϫ mice ( Fig. 5B and F) . At the same time, RSV Line 19-challenged STAT1 Ϫ/Ϫ mice had significantly fewer airway neutrophils and decreased lung IL-17A expression compared to RSV A2-challenged STAT1 Ϫ/Ϫ mice ( Fig. 5C and G) . Similar to what we found previously in STAT4 Ϫ/Ϫ mice challenged with RSV A2, STAT4 Ϫ/Ϫ mice challenged with RSV Line 19 did not develop increased airway eosinophilia, airway neutrophilia, or lung IL-13 or IL-17A protein expression levels compared to WT mice challenged with RSV Line 19 ( Fig. 5B , C, F, and G). Thus, the ability of STAT4 deficiency to promote Th2 or Th17 lung immune responses was not enhanced by challenge with RSV Line 19.
STAT4 deficiency does not attenuate RSV-induced lung IFN-␥ expression but impairs RSV-induced cell-specific IFN-␥ expression by CD4 ؉ and CD8 ؉ T cells and NK cells. STAT4
Ϫ/Ϫ mice did not develop Th2 or Th17 lung immune responses to RSV challenge; we therefore next focused on the role of STAT4 in lung IFN-␥ protein expression following RSV challenge. We have shown previously that STAT1 Ϫ/Ϫ mice demonstrate significantly increased lung IFN-␥ protein expression levels following RSV challenge, and these mice were not used for the remainder of the study (8) .
Because STAT4 has a well-described role in IFN-␥ expression by CD4 ϩ Th1 cells, CD8 ϩ T cells, and NK cells (16, 55) , we hypothesized that STAT4 Ϫ/Ϫ mice would have significantly decreased whole-lung IFN-␥ protein expression levels compared to WT mice. We therefore measured lung IFN-␥ expression by an ELISA on day 6 postchallenge. Day 6 was selected as we have previously shown that it is the time of peak IFN-␥ expression following RSV A2 challenge in WT BALB/c mice (13) . Unexpectedly, on day 6 postchallenge, there was no significant difference in lung IFN-␥ protein expression levels between WT and STAT4 Ϫ/Ϫ mice (Fig. 6A) .
We next determined the effect of STAT4 deficiency on IFN-␥ expression by CD4 ϩ T cells, CD8 ϩ T cells, and NK cells. STAT4 and T-bet are critical for promoting CD4 ϩ Th1 differentiation (17, 19-22, 32, 56) . As we showed that CD4 ϩ T cells from RSVchallenged STAT4 Ϫ/Ϫ mice had decreased T-bet expression levels compared to WT CD4 ϩ T cells ( Fig. 4A and B) , we anticipated that STAT4 Ϫ/Ϫ CD4 ϩ T cells would have impaired IFN-␥ expression following RSV challenge. STAT4 Ϫ/Ϫ mice had significantly decreased frequencies and total numbers of IFN-␥-expressing CD4 ϩ T cells as well as decreased IFN-␥ gMFI on days 6 and 8 following primary RSV challenge compared to WT mice ( Fig. 6B to D) . Despite these decreases, STAT4 Ϫ/Ϫ CD4 ϩ T cells had residual IFN-␥ expression, with 14 and 17% of CD4 ϩ T cells expressing IFN-␥ on days 6 and 8, compared to 24 and 28% of WT CD4 ϩ T cells expressing IFN-␥ on these respective days.
STAT4 and T-bet are also critical for effector CD8 ϩ T cell differentiation and IFN-␥ expression (26, (56) (57) (58) . We determined the effect of STAT4 deficiency on RSV-specific CD8 ϩ T cell immune responses using the H2-K d -restricted immunodominant M2 [82] [83] [84] [85] [86] [87] [88] [89] [90] peptide and M2 [82] [83] [84] [85] [86] [87] [88] [89] [90] tetramer (59, 60) . STAT4 deficiency resulted in no significant differences in RSV-specific CD8 ϩ T cell frequencies or numbers compared to WT mice ( Fig. 6E and F) . However, we found a modest but significant decrease in the frequency of IFN-␥-expressing CD8 ϩ T cells in STAT4 Ϫ/Ϫ compared to WT mice on day 8 postchallenge ( Fig. 6G ). While the total numbers of IFN-␥-expressing CD8 ϩ T cells were not significantly different between groups, STAT4 Ϫ/Ϫ CD8 ϩ T cells had a significantly decreased IFN-␥ gMFI compared to WT CD8 ϩ T cells ( Fig. 6H and I) . Thus, although STAT4 Ϫ/Ϫ mice did not develop Th2 or Th17 lung immune responses, IFN-␥ expression by both CD4 ϩ and CD8 ϩ T cells was impaired in STAT4 Ϫ/Ϫ compared to WT mice.
STAT4 is critical for induction of IFN-␥ expression by NK cells in several models (29) (30) (31) 61) . NK cells promote illness and lung injury and prevent development of allergic airway inflammation following RSV challenge (9, (62) (63) (64) . A role for STAT4 in NK cell IFN-␥ expression during RSV challenge has not previously been determined. Therefore, we determined NK cell expression of IFN-␥ following primary RSV challenge in our model. Peak IFN-␥ expression by NK cells following RSV challenge has been shown to occur on day 4 (64) . Following RSV challenge, STAT4 Ϫ/Ϫ mice had a significant decrease in the frequency and total number of IFN-␥-expressing NK cells as well as decreased IFN-␥ gMFI on both days 4 and 6 compared to WT mice ( Fig. 6J to L) . Taken together, these results show that STAT4 regulates IFN-␥ expression in cells critical for the innate and adaptive immune responses to RSV.
STAT4 deficiency attenuates weight loss following primary RSV challenge. RSV challenge of BALB/c mice induces weight loss that correlates with lung immunopathology (11, 12) . CD4 ϩ and CD8 ϩ T cells and NK cells contribute to the development of this weight loss (9-12, 62, 65) . As STAT4 Ϫ/Ϫ mice demonstrated decreased inflammation, as measured by histopathology and both lung and cell-specific IFN-␥ expression, we anticipated that STAT4 Ϫ/Ϫ mice would have decreased weight loss following primary RSV challenge. Therefore, we challenged WT and STAT4 Ϫ/Ϫ mice with live or UV-inactivated RSV and measured postchallenge weight loss. Following challenge with live RSV, WT mice developed biphasic weight loss, as previously described (6, 12) . STAT4 Ϫ/Ϫ mice developed postchallenge weight loss that was significantly attenuated at both early and later time points compared to WT mice ( Fig. 7 ). Of note, WT mice challenged with RSV had significantly greater weight loss than did UVRSV-challenged WT mice. In contrast, postchallenge weight loss for STAT4 Ϫ/Ϫ mice challenged with live RSV was not statistically different from weight loss in UVRSV-challenged STAT4 Ϫ/Ϫ mice (Fig. 7) . Thus, STAT4 Ϫ/Ϫ mice had significantly attenuated post-RSV-challenge weight loss.
STAT4 deficiency significantly decreases RSV titers following primary challenge. CD4 ϩ T cells, CD8 ϩ T cells, and NK cells are critical for viral clearance following RSV challenge (9-11). As decreased immunopathology and weight loss typically correlate with impaired viral clearance following RSV challenge, we hypothesized that STAT4 Ϫ/Ϫ mice have increased lung RSV titers postinfection compared to WT mice. Lung viral titers in WT and STAT4 Ϫ/Ϫ mice were quantified at day 4 postchallenge, which was previously shown to be the peak time of viral replication in this model (11, 12) . Unexpectedly, the RSV titer was significantly decreased in the lungs of STAT4 Ϫ/Ϫ mice compared to WT mice ( Fig. 8) . No virus was detectable in either group at day 6 or day 8 postchallenge (data not shown).
The decrease in peak viral titers on day 4 postinfection in STAT4 Ϫ/Ϫ compared to WT mice suggested that STAT4 Ϫ/Ϫ mice might have enhanced innate defenses against viral infections. Type I interferons and IL-27 are STAT1-activating cytokines that promote antiviral host defense and regulate inflammation through a variety of pathways (66, 67) . To determine whether STAT4 Ϫ/Ϫ mice had increased expression levels of each of these cytokines at early time points following primary RSV challenge, we measured IFN-␣, IFN-␤, and IL-27 protein levels in lungs of RSV-challenged mice by ELISAs at 12 and 24 h postinfection. We found no significant differences in lung protein expression levels of these cytokines between WT and STAT4 Ϫ/Ϫ mice ( Fig. 9 ). Thus, STAT4 Ϫ/Ϫ mice have decreased peak RSV titers despite having no differences in early lung expressions of several innate cytokines.
STAT4 deficiency reduces RSV F-protein-specific antibody titers. RSV challenge of BALB/c mice results in a prolonged elevation of levels of RSV F-protein-specific antibodies (68) . Passive administration of antibody to F protein decreases viral replication in BALB/c mice (69) . We determined the effect of STAT4 deficiency on F-specific antibody titers following challenge with RSV. Because IL-12-STAT4 signaling has been linked to T follicular helper cell function in humans (70), we hypothesized that STAT4 Ϫ/Ϫ mice have impaired antibody responses following primary RSV challenge. We measured F-specific IgG, IgG1, and IgG2a levels in serum harvested from WT or STAT4 Ϫ/Ϫ mice at day 42 postchallenge. In each case, STAT4 Ϫ/Ϫ mice had significantly decreased antibody titers compared to WT mice ( Fig. 10A to C). Thus, STAT4 deficiency alters both cellular and humoral immunity in response to RSV challenge.
STAT4 deficiency increases weight loss and lung IFN-␥ expression levels following secondary RSV challenge but does not enhance lung Th2 or Th17 immune responses.
Mouse models of secondary challenge with RSV have shown that WT mice first challenged with RSV as neonates and then rechallenged during adulthood develop Th2 immune responses following secondary challenge (71, 72) . These rechallenge-induced Th2 immune responses correlated with impaired IFN-␥ protein expression at primary neonatal challenge and were abrogated by exogenous IFN-␥ given at primary neonatal challenge (73) . Rechallenged WT mice first challenged with RSV in adulthood do not develop Th2 immune responses upon RSV secondary challenge (11, (71) (72) (73) . Because we showed that STAT4 Ϫ/Ϫ mice developed impaired cellspecific IFN-␥ expression following primary RSV challenge, we hypothesized that secondary RSV challenge of STAT4 Ϫ/Ϫ mice results in increased lung Th2 immune responses compared to WT mice.
To test this hypothesis, we challenged WT and STAT4 Ϫ/Ϫ mice with RSV A2 at day 0 and again at day 42 with identical strains and titers of virus. In contrast to primary challenge, in which STAT4 Ϫ/Ϫ mice had significantly decreased weight loss compared to WT mice, secondary RSV challenge of STAT4 Ϫ/Ϫ mice caused a modest but significant increase in weight loss compared to rechallenged WT mice (Fig. 11A ). Mice challenged with UVRSV at primary challenge and rechallenged with RSV did not develop weight loss following secondary challenge (Fig. 11A) . To determine whether a Th2 bias developed in rechallenged STAT4 Ϫ/Ϫ mice, we determined viral titers, numbers of airway inflammatory cells, and lung cytokine expression levels on days 44, 45, and 46. Previous challenge. WT and STAT4 Ϫ/Ϫ mice were RSV challenged on day 0, and lungs were harvested on day 4. Lung RSV titers were determined by a plaque assay (lower limit of detection of 1.8 log 10 PFU/g). Data from four independent, representative experiments were combined (n ϭ 20 for WT mice, and n ϭ 22 for STAT4 Ϫ/Ϫ mice). ‫,ءء‬ P Ͻ 0.01 versus the WT. work showed that rapid viral clearance occurs in mice following secondary RSV challenge, with virus being cleared from the lungs by day 2 post-secondary challenge (11, 68) . Similarly, we found that WT and STAT4 Ϫ/Ϫ mice had no detectable virus in the lungs at day 44, 45, or 46 (data not shown). Following secondary challenge, WT and STAT4 Ϫ/Ϫ mice had gradually increasing total airway cell numbers, but neither group developed significant airway eosinophilia or neutrophilia ( Fig. 11B to D) . The majority of airway cells in both groups were lymphocytes and macrophages ( Fig.  11E and F) . The IFN-␥ protein expression level in the lungs of STAT4 Ϫ/Ϫ mice was significantly higher than that in WT mice on days 45 and 46 (Fig. 11G) . While IL-13 was detected in the lungs of both groups following secondary challenge, the IL-13 protein expression level in STAT4 Ϫ/Ϫ mice was not increased compared to WT mice (Fig. 11H) . No IL-17A protein expression was detected in the lungs of WT or STAT4 Ϫ/Ϫ mice (Fig. 11I) . Thus, STAT4 deficiency enhanced illness and lung IFN-␥ expression following secondary RSV challenge but did not result in enhanced Th2 or Th17 immune responses.
NK cell and CD4 ؉ T cell IFN-␥ expression levels in STAT4 ؊/؊ mice are impaired following secondary RSV challenge. Because we found increased lung IFN-␥ expression levels in STAT4 Ϫ/Ϫ mice compared to WT mice following secondary RSV challenge, we next determined cell-specific IFN-␥ expression levels in lungs of rechallenged mice. We hypothesized that following secondary challenge, IFN-␥ expression levels from one or more cell types, including NK cells, CD4 ϩ T cells, and/or CD8 ϩ T cells, would be increased in STAT4 Ϫ/Ϫ mice compared to WT mice to account for the increase in whole-lung IFN-␥ expression levels. Lung lymphocytes were obtained on day 44 and day 46 and restimulated with PMA-ionomycin, and surface and intracellular staining was performed. STAT4 Ϫ/Ϫ mice had significantly decreased frequencies and total numbers of IFN-␥-expressing NK cells and CD4 ϩ T cells compared to WT mice (Fig. 12A to D) . In addition, the IFN-␥ gMFIs for NK cells and CD4 ϩ T cells were significantly decreased on days 44 and 46, respectively, in STAT4 Ϫ/Ϫ compared to WT mice ( Fig. 12C and D) . Thus, NK cells and CD4 ϩ T cells do not appear to be the source of increased lung IFN-␥ expression levels in STAT4 Ϫ/Ϫ mice following secondary challenge.
STAT4 deficiency increases the frequency and total number of RSV-specific CD8 ؉ T cells following secondary challenge. We next determined the RSV-specific CD8 ϩ T cell response to secondary challenge in both WT and STAT4 Ϫ/Ϫ mice. As CD8 ϩ T cells are critical for illness following RSV rechallenge (68) , and STAT4 Ϫ/Ϫ mice had increased rechallenge weight loss compared to WT mice in our model, we hypothesized that the RSV-specific CD8 ϩ T cell response to rechallenge is enhanced in STAT4 Ϫ/Ϫ compared to WT mice. To test this hypothesis, we challenged mice with RSV on day 42 following primary challenge. Lung mononuclear cells were obtained either prior to rechallenge on day 42 or following rechallenge on days 44 and 46.
On day 42, both WT and STAT4 Ϫ/Ϫ mice had increased frequencies and total numbers of RSV-specific CD8 ϩ T cells compared to negative-control influenza virus-specific CD8 ϩ T cells (Fig. 13B) . The frequencies and total numbers of RSV-specific CD8 ϩ T cells were not significantly different between WT and STAT4 Ϫ/Ϫ mice. On day 44, the total numbers of RSV-specific CD8 ϩ T cells in both WT and STAT4 Ϫ/Ϫ mice were again significantly higher than the numbers of the respective influenza virusspecific CD8 ϩ T cells. No significant difference in frequency or number of RSV-specific CD8 ϩ T cells between WT and STAT4 Ϫ/Ϫ mice was present on day 44. On day 46, a robust RSV-specific CD8 ϩ T cell response in the lungs was noted for both WT and STAT4 Ϫ/Ϫ mice (Fig. 13B) . Notably, STAT4 Ϫ/Ϫ mice had a 39% increase in the frequency and an 80% increase in the total number of lung RSV-specific CD8 ϩ T cells compared to WT mice ( Fig.  13A and B ). Despite this increase in the frequency of RSV-specific CD8 ϩ T cells, STAT4 Ϫ/Ϫ mice had only a trend toward an in- WT and STAT4 Ϫ/Ϫ mice were challenged with RSV. On day 42 post-primary challenge, mice were bled, and serum was obtained. Endpoint dilution antibody titers were quantified by an ELISA for RSV F-protein-specific IgG (A), IgG1 (B), and IgG2a (C) (n ϭ 6 to 7 mice per group). Data are representative of two independent experiments. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‡, P Ͻ 0.001 (versus the WT). creased frequency of IFN-␥ expression by CD8 ϩ T cells ( Fig. 13C  and D) .
To determine whether altered expression of innate cytokines in STAT4 Ϫ/Ϫ mice might contribute to enhanced weight loss or RSV-specific CD8 ϩ T cell responses following secondary challenge in STAT4 Ϫ/Ϫ mice, we measured lung protein levels of type I interferons and IL-27 following secondary challenge in WT and STAT4 Ϫ/Ϫ mice. No significant differences were present at 6 or 12 h postchallenge (Fig. 14) . STAT4 Ϫ/Ϫ mice did have significantly higher lung IFN-␣ protein expression levels than did WT mice at 24 h postchallenge ( Fig. 14) . No differences in lung IFN-␤ or IL-27 protein expression levels between WT and STAT4 Ϫ/Ϫ mice were noted at 24 h post-secondary challenge.
Thus, STAT4 deficiency enhanced the lung RSV-specific CD8 ϩ T cell immune response to secondary infection without resulting in enhanced Th2 or Th17 immune responses.
DISCUSSION
Immune-mediated lung injury is critical for RSV pathogenesis. Depending on host and viral factors, this injury can be medi- ated by IFN-␥-predominant lymphocytic inflammation, IL-13-predominant allergic inflammation with airway mucus expression, and/or IL-17A-predominant neutrophilic inflammation (6, 8, 13, 14, 46) . We undertook the present study to determine (i) the role of STAT4 in cross-regulation between RSV-induced Th1 and Th2 or Th17 CD4 ϩ T cell immune responses and (ii) the role of STAT4 in RSV-induced NK cell, CD4 ϩ T cell, and CD8 ϩ T cell IFN-␥ expression, postchallenge weight loss, and . NK cells were gated on live CD3 Ϫ DX5 ϩ NKG2D ϩ cells, and CD4 ϩ T cells were gated on live CD3 ϩ CD4 ϩ cells (n ϭ 11 to 12 mice per group for day 44, and n ϭ 15 to 20 mice per group for day 46). ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‡, P Ͻ 0.001 (versus the WT). Data from three representative, independent experiments were combined. viral clearance following both primary and secondary RSV challenge.
We demonstrated that following primary RSV challenge, STAT4 Ϫ/Ϫ mice did not develop Th2 or Th17 immune responses. This finding was in marked contrast to the findings for STAT1 Ϫ/Ϫ mice, which developed airway neutrophilia, eosinophilia, and mucus expression and significantly increased lung IL-17A and IL-13 expression levels compared to WT or STAT4 Ϫ/Ϫ mice (13) . As both STAT4 and STAT1 have been shown to increase T-bet expression levels in CD4 ϩ T cells (20, 21) , and T-bet is a negative regulator of Th2 and Th17 cell differentiation (33) (34) (35) (36) (37) , we had anticipated that STAT4 Ϫ/Ϫ mice would develop Th2 and/or Th17 immune responses to primary challenge with RSV. In our model, both STAT4 Ϫ/Ϫ and STAT1 Ϫ/Ϫ mice had decreased frequencies of T-bet-expressing CD4 ϩ T cells compared to WT mice. However, STAT1 Ϫ/Ϫ CD4 ϩ T cells had a significantly decreased frequency of T-bet expression compared to STAT4 Ϫ/Ϫ CD4 ϩ T cells. In STAT1 Ϫ/Ϫ mice, the decrease in the frequency of CD4 ϩ T cell T-bet expression was accompanied by increases in the frequency and intensity of expression of ROR-␥t and GATA-3, master regulators of Th2 and Th17 differentiation pathways, respectively, in CD4 ϩ T cells. Despite the decreased frequency of T-bet expression in STAT4 Ϫ/Ϫ CD4 ϩ T cells compared to WT cells, neither the frequency nor the intensity of ROR-␥t or GATA-3 expression increased in STAT4 Ϫ/Ϫ CD4 ϩ T cells. These results suggest that the residual frequency of CD4 ϩ T cell T-bet expression in STAT4 Ϫ/Ϫ mice may account for the lack of Th2 or Th17 immune responses to RSV in STAT4 Ϫ/Ϫ mice.
It is possible that the residual frequency of T-bet expression in STAT4 Ϫ/Ϫ CD4 ϩ T cells in our model is induced by STAT1-activating cytokines such as IFN-␥, type I interferons, or IL-27 (66, 74) . Interestingly, in an in vitro CD4 ϩ T cell differentiation system, the addition of IL-27, but not IFN-␥, under Th1-polarizing conditions resulted in a partial rescue of tbx21 mRNA expression in STAT4 Ϫ/Ϫ CD4 ϩ T cells (20) . Moreover, in a T-bet reporter mouse system, expression of T-bet was markedly impaired in IFN-␥R Ϫ/Ϫ STAT4 Ϫ/Ϫ CD4 ϩ T cells during in vitro differentiation but not during in vivo differentiation, suggesting the presence of additional T-bet-activating cytokines in vivo (38) . The addition of type I interferons or IL-27 to culture media rescued in vitro IFN-␥R Ϫ/Ϫ STAT4 Ϫ/Ϫ CD4 ϩ T cell T-bet expression in this model (38) . Notably, in our model, WT and STAT4 Ϫ/Ϫ mice had similar expression levels of type I interferons and IL-27 in the lungs at early time points post-primary challenge. Thus, type I interferon, IL-27, and/or IFN-␥ expression may account for the maintained CD4 ϩ T cell T-bet expression frequency in STAT4 Ϫ/Ϫ mice and thereby prevent development of Th2 or Th17 immune responses to RSV in these mice. Importantly, differential development of Th17 immune responses between STAT4 Ϫ/Ϫ and STAT1 Ϫ/Ϫ mice may not be entirely accounted for by differential T-bet expression. STAT4 signaling is activated by IL-23, which is critical for maintenance of the CD4 ϩ Th17 lineage (75, 76) . Additionally, STAT1activating cytokines can impair Th17 immune responses through both T-bet-dependent and -independent mechanisms (77) . We are currently investigating the role of STAT1/T-bet-activating cytokines in preventing Th2 and Th17 immune responses to RSV in STAT4-deficient mice. To this end, we attempted to create STAT1 Ϫ/Ϫ STAT4 Ϫ/Ϫ mice as well as IFNAR Ϫ/Ϫ STAT4 Ϫ/Ϫ mice. No viable pups were generated from these breeding attempts, and these combinations appear to be embryonic lethal.
The lack of RSV-induced Th2 immune responses in STAT4deficient BALB/c mice in our study contradicts previously reported data in which STAT4-deficient C57BL/6 mice developed increased airway hyperreactivity, lung eosinophilia, and airway mucus expression compared to WT mice challenged with RSV (39) . Importantly, that previous study was performed by using an RSV A strain (Line 19) that was subsequently shown to induce airway mucus expression and lung IL-13 expression in BALB/c mice, while the RSV A2 strain, which we used in this study, does not (14, 39, 40, 46) . To determine whether STAT4 deficiency enhances lung Th2 immune responses to RSV Line 19 in our model, we challenged WT, STAT1 Ϫ/Ϫ , and STAT4 Ϫ/Ϫ mice with RSV A2 or RSV Line 19. Unexpectedly, STAT4 Ϫ/Ϫ mice challenged with RSV Line 19 did not develop increased lung Th2 immune responses compared to RSV Line 19-challenged WT mice. In contrast, STAT1 Ϫ/Ϫ mice challenged with RSV Line 19 developed significantly greater lung Th2 immune responses than did both RSV Line 19-challenged WT and RSV A2-challenged STAT1 Ϫ/Ϫ mice. These results further support the importance of STAT1, but not STAT4, in restraining RSV-induced lung Th2 immune responses in BALB/c mice. Importantly, the previously reported study demonstrating that STAT4 Ϫ/Ϫ mice develop increased Th2 immune responses was performed by using C57BL/6 STAT4 Ϫ/Ϫ mice, and our study used BALB/c STAT4 Ϫ/Ϫ mice (39) . Taken together, these data suggest a critical role for mouse genetic background in the development of Th2 immune responses following RSV challenge of STAT4 Ϫ/Ϫ mice.
Previous studies utilized STAT4 Ϫ/Ϫ mice to investigate the role of STAT4 in regulating the lung immune response to allergens and viral infection. Using an ovalbumin model of allergic airway inflammation in STAT4 Ϫ/Ϫ mice on a BALB/c background, one group showed that STAT4 Ϫ/Ϫ mice had significantly decreased airway eosinophilia, airway neutrophilia, and airway mucus expression compared to WT mice (41) . Another group, using a similar model, demonstrated that STAT4 Ϫ/Ϫ mice have decreased airway cellularity and no increase in lung IL-13 expression levels compared to WT mice (44) . Using a distinct cockroach antigen model of allergic airway inflammation in BALB/c STAT4 Ϫ/Ϫ mice, another group showed that STAT4 Ϫ/Ϫ mice had significantly decreased peribronchial inflammation and lung IL-5 expression levels, with no increase in lung IL-13 expression levels (43) . Finally, using a primary influenza virus challenge model in WT and STAT4 Ϫ/Ϫ BALB/c mice, another study showed that influenza virus-challenged STAT4 Ϫ/Ϫ mice did not develop increased Th2 immune responses, as quantified by IL-4 expression in the spleen or lungs postchallenge (42) . Thus, those previous studies support our conclusions that STAT4, in the context of the BALB/c genetic background, is not critical for restraining lung Th2 immune responses.
NK cells, CD4 ϩ T cells, and CD8 ϩ T cells each mediate immunopathogenesis, weight loss, and viral clearance following primary RSV challenge (9, 11, 62, 64) . STAT4 has a well-described role in promoting the expression of IFN-␥ by each of these cell types (17, 19, 20, 28-30, 56, 78) . In our model, WT and STAT4 Ϫ/Ϫ mice had similar whole-lung IFN-␥ expression levels on day 6 postchallenge. However, cell-specific IFN-␥ expression levels were significantly decreased in STAT4 Ϫ/Ϫ NK cells, CD4 ϩ T cells, and CD8 ϩ T cells compared to the respective WT cells. While this discrepancy was unexpected, it may be partially explained by a differential importance among IFN-␥-expressing cells for whole-lung IFN-␥ expression depending on the day post-RSV challenge. As the frequency and number of IFN-␥-expressing CD8 ϩ T cells were not significantly different between WT and STAT4 Ϫ/Ϫ mice on day 6 postchallenge, it is possible that CD8 ϩ T cells account for the lack of difference in whole-lung IFN-␥ protein expression levels between WT and STAT4 Ϫ/Ϫ mice.
Despite decreased weight loss and immunopathology in RSVchallenged STAT4 Ϫ/Ϫ versus WT mice, peak RSV titers in the lungs of STAT4 Ϫ/Ϫ mice were significantly decreased compared to WT mice. This finding was unexpected, as NK cells, CD4 ϩ T cells, and CD8 ϩ T cells are critical for RSV clearance. Mice depleted of each of these cell types develop significantly decreased weight loss that correlates with increased peak viral titers and delayed viral clearance from the lungs (9, 11) . The etiology of decreased peak viral titers in STAT4 Ϫ/Ϫ mice in our model is not clear. STAT4 is expressed in antigen-presenting cells, and it is therefore possible that STAT4 deficiency alters the innate immune response to RSV, resulting in either impaired viral replication or enhanced viral clearance (78) (79) (80) . To this end, we measured lung protein expression levels of type I interferons and IL-27 at early time points post-RSV challenge in WT and STAT4 Ϫ/Ϫ mice and found no significant between-group differences. We are currently further investigating the mechanisms that cause reduced viral titers in the lungs of STAT4 Ϫ/Ϫ mice following primary RSV challenge.
Immune memory following primary RSV infection in people is incomplete, and reinfection can occur throughout life. In one study of infants and young children, RSV reinfection resulted in lower respiratory tract infection in 26% of cases (81) . We demonstrated that STAT4 Ϫ/Ϫ mice had significantly increased weight loss, lung IFN-␥ protein expression levels, and RSV-specific CD8 ϩ T cell responses following secondary RSV challenge. Modestly increased rechallenge weight loss in STAT4 Ϫ/Ϫ mice contrasted with the attenuated weight loss that STAT4 Ϫ/Ϫ mice developed following primary RSV challenge. Both STAT4 Ϫ/Ϫ NK cells and CD4 ϩ T cells had decreased cell-specific IFN-␥ protein expression levels upon secondary challenge compared to the respective WT NK cells and CD4 ϩ T cells. In contrast, RSV-specific CD8 ϩ T cells showed a trend toward increased IFN-␥ expression levels. It is possible that CD8 ϩ T cells represent the source of increased IFN-␥ levels in this secondary challenge model. Alternatively, other potential IFN-␥-expressing cells, such as ␥␦ T cells or NKT cells, could account for the increased whole-lung IFN-␥ protein expression levels upon secondary challenge in STAT4 Ϫ/Ϫ mice in this model. Importantly, it is possible that the increased IFN-␥ protein expression level in the lungs of STAT4 Ϫ/Ϫ mice is not solely responsible for increased post-secondary challenge weight loss. We therefore measured the lung protein expression levels of type I interferons and IL-27 to determine a possible role for innate pathways in the enhanced weight loss seen in STAT4 Ϫ/Ϫ mice. Notably, at 24 h post-secondary challenge, STAT4 Ϫ/Ϫ mice had a modest but significant increase in lung IFN-␣ protein expression levels compared to WT mice. The significance of this result is unclear, but enhanced IFN-␣ protein expression may suggest dysregulated innate host defenses in STAT4 Ϫ/Ϫ mice following secondary infection. Taken together, these secondary RSV challenge results suggest that STAT4 signaling may play a role in determining the severity of illness following RSV reinfection.
While RSV-specific CD8 ϩ T cells were detectable in the lungs of both WT and STAT4 Ϫ/Ϫ mice before (day 42) and following (day 44) secondary challenge, expansion of this CD8 ϩ T cell population was not noted until 4 days following secondary challenge (day 46). These findings fit with those of a previous study in which BALB/c mice were challenged with RSV after prechallenge adoptive transfer of previously antigen-exposed RSV-specific CD8 ϩ T cells (82) . Following RSV challenge of these primed mice, proliferation of RSV-specific CD8 ϩ T cells was higher in lymph nodes than in lungs at day 3 and day 4 post-RSV challenge (82) . RSVspecific CD8 ϩ T cells in the lungs were not detected until day 4 post-RSV challenge. The similarly delayed increase in the number of lung RSV-specific CD8 ϩ T cells following rechallenge in our model supports these previously reported findings and may reflect an inherent CD8 ϩ T cell lymph node expansion phase following RSV rechallenge.
Several mechanisms may account for the increased frequency and number of RSV-specific CD8 ϩ T cells following secondary RSV challenge in STAT4 Ϫ/Ϫ mice compared to WT mice. First, we have shown that F-protein-specific antibody titers at day 42 postprimary challenge are modestly decreased in STAT4 Ϫ/Ϫ mice compared to those in WT mice. Mice depleted of B cells at primary challenge have increased illness and enhanced viral replication upon rechallenge with RSV compared to non-B cell-depleted mice (65) . While RSV was not detected in the lungs of WT or STAT4 Ϫ/Ϫ mice at day 44, 45, or 46 in our model, it is possible that differences in viral titers between the groups at earlier time points resulted in increased antigen-specific stimulation and expansion of RSV-specific CD8 ϩ T cells in STAT4 Ϫ/Ϫ mice compared to WT mice. Second, we demonstrated impaired IFN-␥ expression by CD4 ϩ T cells and NK cells following RSV rechallenge in STAT4 Ϫ/Ϫ compared to WT mice. Decreased IFN-␥ expression by these cells may have resulted in a compensatory increase in the number of RSVspecific CD8 ϩ T cells. Third, the absence of STAT4 may have altered RSV-specific CD8 ϩ T cell memory through CD8 ϩ T cellintrinsic effects. Previous work using IL-12 Ϫ/Ϫ mice showed that IL-12 deficiency resulted in an increased contribution of antigenspecific CD8 ϩ T cells to the CD8 ϩ T cell memory pool (83) . As IL-12 signals through STAT4, it is possible that STAT4 deficiency in CD8 ϩ T cells in our model resulted in enhanced RSV-specific CD8 ϩ T cell memory development.
Secondary challenge models of RSV have been important for understanding the development of Th2 immune responses and T cell memory in response to RSV (11, 68, (71) (72) (73) . Several groups have reported that age at primary challenge significantly influences the Th1 versus Th2 skewing of the immune response to secondary RSV challenge. Secondary RSV challenge of mice previously RSV challenged as neonates results in the development of Th2 immune responses upon rechallenge, whereas rechallenge of mice first challenged as adults does not (71, 72) . This phenotype was recapitulated in adult IFN-␥ Ϫ/Ϫ mice, which developed lung Th2 immune responses following RSV rechallenge. Notably, provision of exogenous IFN-␥ at primary challenge to neonatal mice or to adult IFN-␥ Ϫ/Ϫ mice abrogated rechallenge Th2 immune responses in both groups (73) . Because cell-specific IFN-␥ expression levels were decreased in STAT4 Ϫ/Ϫ compared to WT mice following primary challenge in our model, we hypothesized that secondary challenge of STAT4 Ϫ/Ϫ mice results in lung Th2 immune responses in STAT4 Ϫ/Ϫ but not WT mice. In contrast, we found that STAT4 deficiency in adult mice did not result in enhanced lung Th2 immune responses following secondary RSV challenge. These findings suggest that impaired IFN-␥ expression at primary challenge may not be the sole determinant in the development of a Th2-skewed response to secondary RSV challenge.
In summary, we show a significant role for STAT4 in regulating the immune response to primary and secondary challenge with RSV A2 in BALB/c mice. STAT4-deficient mice had increased weight loss and numbers of lung RSV-specific CD8 ϩ T cells following secondary infection compared to WT mice but did not develop lung Th2 or Th17 immune responses to primary or secondary challenge. These findings have important implications for an understanding of the development of RSV-induced immunopathology in response to primary and secondary RSV infection. Our findings suggest that potential future treatment approaches to inhibit STAT4 will not enhance RSV-induced Th2 or Th17 immune responses. However, STAT4 inhibition during RSV infection may contribute to enhanced CD8 ϩ T cell-dependent immunopathology during subsequent infection.
